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INTRODUCTION o -/

ff 853 Julv 88

The chemical and mineralogical composition of the lunar surface Arill

_be known in the near future. It may therefore be of interest $o conslder

the processes of igneaus rock differentiation as they may a.pp]y the moon.\

data. which will be necessary in order to define wmore complete/ the M.sture .
‘/ ’

s

The following discussion is based on the following major assumptions:

1. the increase in total (lithostatic) pressure as a function of depth

g beneath the surface 1s less for the moon than fo:/c the earth.

2. the moon, at some time in iic history has [been bhot enough, at least

- locally, to melt the silicate materlal of which it is composed.

3. This melting process, although local at one time, has taken place

' throughout & large portlon of the upper pert of the moon so that presently

 there are few places which have escaped igneous a.ctiv:l,ty since the moon was,

!

o0

i formed.

4. Because of the ubiquitous nature of the melting. (:Ln pla.ce rathey than

! 1/

S time) and the gravitative attraction or the moon, j;he rocks of the “Z:‘mn bave

lost mach of the material ‘vhig:‘n, at ata;xd.g.r@ temperp.turg a.nd. pressure 'are;

' : k*‘: Such speculations may aid in making the extrapolations from su pre”nine.ry \\ 1 “;
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" . considered volatile. Water and oxygen are such materials of particular
" interest to this discussion.

It turns out that several chemical processes which are suspected of

.\ meters all drive the trend of differentiation in the same direction.

:'.‘5 " Discussion of the Assumptions

The most likely assumption, indeed, it is almost a fact, is that the

o for the earth. Calculations based on a mean density of 3.34 gms/ em® and
allowing for the varia.tion of gra.vity with depth have been made by Lowrza
_z (1963). The pressure-depth relations thus derived are presented in fi{:.zre 1)

\.L\

Figure 1l also shows the depth va. pressure curve derived from data presented "

by Howell (1959).

:4 -

There are several present 1ndica.tions ‘that the moon 1s not a cold body. .
' Heating due to the decsy of radiocactive isotppes, by meteorite impact and

'_ other methods (Kopal, 1962) are considered to have increased the heat content
'of the moon with time. It is however, impossible to be certain sbout the |

-

- .thermal gradient at depth and the possibility’ of localized heating in the

" moons Widespread rock melting on the moon is therefore gquestionable.

. MacDonald (161) bas ca.lcu].ated the rise in the temperature of the moon'_; f-l'

- due only to radioactive decay. : Assuming tha.t the a.verage eontent of radio-

,

genic heat pwodncers found 1n chondrites obtaLns for the moon, he finds, that

.controlling differentiation processes on earth may be affected by the factors =

 dlscussed above. Furthermore, it seems that these physico-chemical para= ' R

. increase in lithostatic pressure with depth for the moon is less than that > \\

\
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I . temperatures at the centexr of the moon approach or exceed ‘the melting' .
“ ‘temperatures of basic rocks, even if the moon were initially cold. It is

more lmportant to the present work that these melting temperatures are

approached since if they are exceeded, no fractionation occurse This pro~ = -

cess takes place when melting is localized in "hot spots” or when the

melting points of the more refractory constituents are not attalned. Once

such a process 1s begun, 1t is abetted due to the fact that the radiogenic ~ .. =

' heat producers (potassium, uranium and thorium) are concentrated in the - ‘'

| lighter, more siliceous fraction.
The luna.r P-T gradient determined from MacDona.ld's data and t> - data

F,,, sPresented in figure 1 is hjown in figure 2. Opik (1962), consideriig tho .

. “insulating properties of the moon's surface layer, estimates a teuperatur=:
" of 600°C at a depth of 10 km (= 0.6 kilobars). Although Opik considers this
_"va.lue to be qualitative, the indication is that the lunar P-T curve of |

:ft'f"-’figure'a is not unrealistic. The terrestrial P-T curve as presented by

 Turner and Verhoogen (1951) is also shown in figure 2.

It appears from the data in figure 2 that the temperatures of igneous

: " would nozmally be attained at & depth of sbout 300 kum beneath the lunar -

surface, even if the moon were originally a cold body. ”Ehe;e is thus a good

;‘ possibility that localized melting of silicate material has occurred f‘on the

“e moOhe It seems likely that such melting has taken place randomly in time \\\?" :

N

and space after the initial bulld-up of heat e.nd' before the loss:of volatiles W

increased the melting teuwperatures appreciablys The latter stages ‘of 1gneous o

R
4

. pock fractionation and the partial melting temperature of basic rocks, 1100°C,




~ genic or sedimentary cycles. Since it is unlikely that such activity has

activity would be restricted to those rock typ%s and localities which had

the proper coumbination of low-melting constituents, high radioactive heat

‘ _'generation, low lithostatic pressure and/or high water pressure.

O'Keefe and Cameron (1962) have presented evidence for melting and

' ' gifferentistion of the moon., They suggested that the surfaces of the maria -

were covered by welded tuffs. Lowman (1963) discussed the nature of-h\pign{aus i

- - activity on the moon., He argues that the emplacement of the great granite A

batholiths and the basalt flows on earth are generally associated with oro-‘ e

occurred on the moon, he proposes that igneous rocks on the moon wexe

R emplaced as lopoliths which, on eaxrth, are not a.sso_cia.ted with suc® «ycles,
: : He suggests that these lunar lopolif.hs, represented by the maria, axe la:rgely
- ‘the result of repetitive extrusive volcanism and that they are c: pped by\
ey '.‘:;: - their own differentiates.
e Such a plcture seems & bit more coherent than that proposed by Salisbury

(1962) which involved the extrusion of the maria in one stage shortly

followed by the formation of a crust over the still-molten maria. Salisbury:

suggests that the volatiles released by this sub-crustal lava was trapped

"by the crust at the edge of the marla. Such a process of vapor collection
_ ."f seems unlikely for several reasons. The crusts of terrestrial lava flows
. are generally disturbed and broken by movements of the lava underneath.

Assuming, however, that -a continuous cap could form in some way and the

original water, comprising 6 weight percent of the magma, is trapped in the .

volume resulting from the increased density as the vma.gma eools to form

crysta.l].tne rock, the cap would have to retain a :preasure of four kilobars
atthetemperat\me of msta.‘l.lization of the rock. G RS '

o \’\;.‘n .
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e " the earlier assumptions. If widespread igneous activity has occu/rred on

" to melting. The mobility of volatiles in aureoles of contact rock on earth

- ptrongly suggests that diffusion, coupled with wagmatic rework:ljg of lunar

- ) - 5 - “ . -
In an attempt to explain the origin of the lunar domes, Sallisbury (1961) - B

" further suggests that the reaction between peridotite and water at 500°C

- which results in & significant volume increase of the resulting serpentine . - . .

causes the lunar domes to be punched up. It is suggested that this rea.ctibn "; o

takes place at the 500° isotherm beneath the surface of the moon which, / L

according to figures 1 and 2, lies at a depth of approximately 90 km. It

' 48 difficult to imagine how the domes, which have a maximm diameter of
. -. about 10 lm, could originate from a reaction which takes place at GO km.
- Furthermore, the process of serpentinization might often result in elongated -ﬂ e
' or izbricate uplifts and. thus fails to explain the gemerally clrowlar foute=

e ‘;"'lines of lunaxr domes.

The final assumption of deplet;ion of volatiles in the moon hinges ¢n
N

" the moon, the volatiles criginally contained in the lunar materitl must

" pave been, to a large extent, brought to the surface and then eleased intc |
o ' spaces. A very small fraction of these volatiles may have cp{iected in colid

-, traps in shaded areas o;' :Ln. cold layers beneath the surfa.cé, but many of ,

- these reglons would be subject to later periods of volcanic activity. There .
: seems to be no strong w2chanism for returning vo/la:biles' to depth such as |
o the sedimentary cycles on earth. In addition, since the volatiles, particu- .
e " larly water, generally serve to lower the melting point of rocks, those :'

. reglons in the moon with higher volatile contept would be most susceptible

s rocks‘ would be ‘effgctive ;Ln removing & great__daal of vvola.tiles from the mo,én.'




/

Petrogenetic Processes Affecting Lunar Magmatism /

The effect of total pressure. Two principal trends of dif érentia.tion

of igneous rocks have been recognized by petrologists. for yeaxs. The

tholeitic serles begins with a primary differentiate of 'basa.lt vhich 1s

" rich in auglte and poor in olivine. This trend terminates with a rhyolitic -

..~ could be derived from the same (more basic) parent material by fractir 1 \{\\ |

end-product and is therefare characterized throughout by a rehtive,gbundance L

of the Si0, constituent. On the other hand, the /primary rrecipitate of the_ S

alkalie basalt trend is a basall rich in olivine and the £inal product is

trachyte which 1s silica-~deficient,

Yoder and Tilley (1962) have recently a.rgued. that these two magma typeé\

crystallization or partial fusion of this parent under contrasting Pressure -

ST »conditions. Their discussion seems to have considerable bearing on the’

; :'.,'.: in our investigation of differentiation trends of lunaxr rocks.

1/

The composition of the final liquid remalning aftexr the crystallization

% of & rock melt, or the first liquid to form when a rock is melted is, of

" course, & function of the mineralogical composition of the rock. This

‘ "', mineralogical composltion, however, may not be constant for a given bulk

; composition since phase transformations in the solid state may occur before

e . the rock melts. Many such reactions have been deduced from wetamorphic /

Fu?

~ rocks and have often been found, in the '1abora.tory, to be dependent on_

" will be a determining factor in the composition of the primary or th

residual liquide.

pressure. Thus, the pressure conditions which exist dnring rock melt

Fig. 3,' &, b and ¢ illustrates ternary relationships of such
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 becomes stable and alblite and forsterite react /to form enstatite and jadeites o

and which they feel have some effect on the differentiation trends of the

parent material. Figure 3a indlcates that, at pressures, Jadeite

b _' When crystallized at high pressure, compositions in the field, forsterite-x-

enstatite yield a residual liquid which lies in the field forsterite-jadelte= -~ -
‘ enstatite and is relatively dificient in silica compared with the resldium
produced by crystallization at low pressures. Figure 3b illustrates the,

high pressure xreaction of leucite and enstatite to form forsterite and sanadina.’

" In this case, those residual liqulids resulting from crystallization of

’ ;l: mixtures in the field forsterite-x-enstatite are relatively deple ~ i in

o silica if crystallization occuxrs at high pressures. Simllarly figure 3¢

" indicates the reaction of anorthite and forsterite to form pyrope and groseu= R

" larite. Upon fractional erystallization at high pressures, mixtures in the '

R 'field forsterite-x-pyrope become relatively depleted in silica.
Fe ¥
" pressure "eclogite" field and low pressure "basalt" according to a diagram

- In figure 4 the pressure-temperature conditions of melting in the high-

‘- by Yoder and Tilley (1962) are illustrated. Superimposed on these relations

" ‘are the P-T gradients for the earth and moon.

Since partial melting and differentiation result from local heating
(corresponding to a horizontal movement to the xight from the P-T g:rgdient.
curves is figure 2) it 1s evident that terrestrial differentistion can ocour
from either the basalt or eclogite field, resuliing in either tholeitic or

alkaline trends. On the moon, however, :I.t is more .'L:Lke]y tha.t loca.l hea.ting

-7
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|

o owill result in partial melting in the basalt field. This indlcates that

!

| the lunaxr igneous rocks will follow & tholeitic trend and be generally

higher in silica.

'The effect of wate§ deficiency. Several effects of water vapor pres—
sure on the melting relations of granites have been discussed by Tuttle /l‘ |
' and Bowen (1958). Increased water pressure lowers the melting point oi‘\
fo.§ granite (figure 5) and changes the composition of the eutectic in the

texnary "granite" systeml (figure 6).

The higher temperatures at lower pressures occurring on the moon which - '
was Just discussed will also affect the composition of the granite differ-

’ .entia.te {through the change in the position of the eutectic in the  ranite”

system. Granites on the moon will be formed by local heating at pressures

IR N
.- which will generally be lower than the pressures involved in the formaticn - "
. .of terrestrlal granites causing the lunar granites to be more siliceous ard

; higher in quartz content.

Lover water sbundence during the formation of granites will tend to

' diminish the amount, but not the composition, of the granite formed. Let
S us imagine the folliowing lsolated system: crystalline xrock of granite

L composition with 2‘/‘3 total water at a depth of 80 km beneath the lunar

surface and consequently at & pressure of approximately 4 kilobars (see

" figure 1). The ordinary temperature at this depth would be sbout 350°C

(see figures 2, 3) but local heating results in a rise in temperature of

the system. At approximately 660°C (see figure 5) water vapor will combine )

. lgince grenites are composed essentially of quartz (s103), orthoclase

(XA1Si30g) and albite (NaAlSis0s), extrapolation of the phase relations
determined for this simplified system to natural systems is justified. "
) ' . . : . .' .. g . . : ' : ' ) - i



P 9 -
with crystalline rock to form & silicate melt. This melt will have the i

: /
equilibrium emount of water for a granite melt under these P-T conditions,

namely 9 weight percent. This relationship will be maintained as heat /s

added to the system until all the vapor is consumed. The system now consists =

of about 25% melt (silicate + water) and 75% crystalline granitee.

melting is impossible unless temperature increases. If this occurtj, more . -

" rock gradually melts until, at 820°C a granitic liquid with 2% wa.t/ e 13 ; L
the only phase in the system. If the assumptlon of decreased wa.4'.er abundance

on the moon is correct (and this follows directly from the as/s\.mption o’,.

. widespread vulcanism) the above illustration indicates ;the mc;cha.nism b}if

:_‘ which lunar vulcanism may have been self-limiting. The recuirement - &

. lunar rocks be heated to considerably higher temperatures may have cc.si-

’ derably slowed down the pace of volcanic activi};y in the later hiz.ory of

 the moon. /

/

If we generalize the previous illustration somewhat by ch/o'c/»sing a
basaltic composition instead of a granitic co ositioﬁ we ma:,r/ Investigate
- the effect of décreased water abundance of the composition of the differentiate.
In this case, the first melt to form will be approximately of granite |
composition but as additional material melts ,3 th? composition of the liquid
will become more basic. In short order, however, melting ceases because

. the water is consumed. The result is & meli which diverges much less from

" the granite minlmum composition than would a melt formed under conditions of _

o greater water abundance, It thus appears that the later products of lunar

by
:

magmatic activity should, in general, lie closer to gra.nitic composition EA

than they do on ea.rth | In ‘othey words, the intermedie.te da.cites and

Ty
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andesites should be relatively less abundant on the moon, compared with -
rhyolites, than they are on eaxrth. These rocks should, in general, be

richer in S10, than thelr terrestrial counterparts.

The effect of oxygen deficiency. Investigation of the Skaergaard

intrusion of Greenland has pointed up the difierence between two differen=-

tiation trends in igneous rocks. The difference between these trends is

best shown in a ternsxy disgram which shows the variation of the cozponents
(Ca0 + Mg0), (FeO + Feo03) and (Naj0 + Kz0 + S10) as in figure 7. e

rocks of the normal sequence (as shown by the analytical results of Tahitia.n .'i

L rocks) follow a trend in which Ca0, Mg0, FeO and Fey0s progressive”

. ‘analyses of Skaergaard rocks) is characterized by an initial, exiceme,

.. enrichment in iron. Xennedy (1655) has shown that such a sequence may be

- decrease while Nag0, K0 and S10; increase. The othexr trend (as st.wm by‘ )

\\
T~

caused by primary precipitation of fayalitic olivine (FeoS104) at low

. oxygen pressures resulting in a relative depletion of SiO; in the magnia. WA\

~3A

N\
of magnetite (Fez0,) due to high oxygen pressures results in silica enrichment

On the othexr hand, work by Osborn has shown that the primary rreclpitation

in the residual magma. _ _

Differentiation of luner magmas, especially in the later stages of B
zagmatic activity, would take place under lowered partial pressure of
oxygen. FProgressive degassing of the moon may have lowered the ava.ﬂa.bility
of oxygen to such an extent that instead of tdiva.lent' iron coming out in

FepS5104, metallic iron would separate as an immiscible liguid or as &

o




- 11 -

crystalline phase. In this case the trend would be characterized by
depletion of iron, magneaium a.nd. ca.lcium in the magma and consequent

- concentration of alkalles a.nd. silica.

Conclusions
We have started with the assumption that the 'build-up of yediogenic

heat in the moon has resulted in ubiquitous magma generation. ,/ Such igneous R

‘ a.ctivity should have occurred sporadically ovexr the surface of the moon '

resulting in the differentiation of a luner crust (if it did not already |

" exist at the time of the formation of the x;zoon). ~Such differentiation

‘gexrved not only to concentrate the méioisotopes /in the nore acidic crustal

' fractlon tending to increase the amount of voleanic activity a‘c i .2 surface

- and further degassing and dehydrating the surficial rocks. I.c~ 3 of volatiles,

; ~ ' however has had the opposite effect of decreas; the generatiovn of magmase

- . Lack of water and sedimentary recycling may 'ﬁe the reason why the moon

'~ seems to be a cold body since volcanic activi'&y may have been greatly g

A S R S R T TR TR NS s
v
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curtailed in the recent selenological past.

It 1s with the products of the most recent stages of lunar magma '
generation with which thils paper deals. Three factors affecting ‘terrestria.l
E magmatic trends which have been studled in the lsboratory and in the ﬁ.eld:\\‘\\
nsve been dlscussed in terms of their effect on Lunar- differentia.tion trends, R
Two factors, the lower pressure gradient with depth a.nd. the supposed water
l deficiency of tie.moon would tend to cause lunar magumas to be acidic or \\
-silica-rich. An extremely Low a.‘mmdance or fuga.city or oxygen would tend \\

'_Vto have the seme effects R '“-_,: \
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While such g priori reasoning may be quickly and certainly invalidated
by analyses of the lunaxr surface, 1t is hoped that comsideration of theo-
retical petrology will ensble full utilization and greater understa.nding

of the significanee of tha ﬁ.rst remote Instrumental an&lyses of the surfa.ce :

of mOons
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" terms of the components (Ca0 : Mg0), (FeO Fe0s) and (Naao K20 5102).
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' FIGURE CAPTIONS

'Fig. 1 Pressure-depth relationships for the earth (after Howell, 1959)

"and the moon (after Lowman, 1963)

| Fig. 2 Pressure-temperature relationships for the earth (after Turaer

" .and Verhoogen, 1951) and- the moon (after MacDonald, 1961)
Fig. 3 Ternary representations of low-pressure phase relations (in solld
lines) and high-pressure reaction products ( Joined by dashed lifxes).
(After Yoder and Tilley, 1962.) The reactions represented &7&'

a: albite + forsterite - > enstatite + jadeite A

/

'bxl leucite + enstatite = forsterite + sanadine

c: enorthite + forsterite — pyrope + grossularite ‘(Ca=~"'cherma’ 's molecule)

Fig. 4 Pressure-temperature phase relations of %teria.l of basaluic
composition (after Yoder snd Tilley, 1962). . Superimposed. are tbe P-T
curves of figure 2. '

: Fig. 5 Pressure-temperature phase relations ] the system granite-water
(after Tuttle and Bowen, 1958). The P-T curve assumes excess water vapor
| vhile the curve labeled "2% H,O" indicates the conditions under which &
granite melt will contain two weight percent water.

’ Fig. 6 Position of the minimum in the system albite-orthoclase-silica as

. a function of water pressure (after Tuttle and Bowen, 1958).

Fig. 7 Igneous differentiation trends of Skaergaard and Tahiti xocks in

.. Data from l\zrner and Verhoogen (1951) a:re schemtica.ny repreaented
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